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ACst  r a c t  

This project  was ur,dertaken t o  apply an e lec t rophore t ic  
separat ion method t o  t h e  separat ion of c e l l s .  To determine 
t h e  e f f ic iency  of t h e  separa t ion ,  it was necessary t o  apply 
e x i s t i n g  methodology and develop new methods t o  assess  t h e  
c h a r a c t e r i s t i c s  and funct ions  of t h e  separated subpopulations. 

Through appropria te  appl ica t ion  of t h e  widely used iso-  
e l e c t r i c  focusing procedure, a reproducible separat ion method 
was developed. Ce l l s  accumulate a t  defined pH and 70.80% 
remaln viable .  The c e l l s  a r e  su i t ab l e  f o r  f u r t h e r  biologic ,  
biochemical and immunologic s tud i e s .  
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Introduction 

This project  was undertaken f o r  t h e  development of a 
method f o r  the  preparative e lec tn . ! )hore t ic  separation of viable  
c e l l s .  For c e l l  populations consis t ing of some t h a t  d i f f e r  
s ign i f i can t ly  i n  morphological appearance, t h e  evaluat ion of 
t h e  success of t he  procedure is simple. A more challenging 
problem a r i s e s  from t h e  need t o  separate c e l l s  from populations 
l i k e  lymphocytes, t h a t  a r e  morphologically s imi la r  i n  appearance 
but func t iona l ly  heterogeneous. The importance of separat ing 
lymphocytes cannot be overs ta ted.  Besides t h e i r  immediate r o l e  
i n  defense against  acute and chronic b a c t e r i a l  and v i r a l  d i seases ,  
t h e i r  r o l e  i n  a l l e rgy ,  respiratorjr  problems, autoimmune d iseases  
and malignant d i seases  i s  being constantly prcbed. Concomitant 
with such an undertaking i s  the  development of appropria te  
methods f o r  examining t h e  separated subpopulations so t h a t  
specif  i 2 funct ions ,  c h a r a c t e r i s t i c s ,  and in t e r ac t ions  might be 
b e t t e r  understood. 

The h i s t o r y ,  background and appl ica t ions  of c e l l  e l ec t ro -  
phoresis were presented i n  our i n i t i a l  proposal. It was a l s o  
pointed out t h a t  because of t h e  need f o r  spec i a l  and expensive 
instrumentation preparative e lec t rophore t ic  separat ion of cells 
5s  ncst cz r r ied  out  i n  mzny Labor.:tories. Most. e x i s t i n g  
information comes from t h e  use of t he  DeSaga Ce l l  Separator,  
( I ) ,  (2), ( 3 )  and some from individual ly  designed e lec t rophore t ic  
equipment (4 )  , ( 5). 

With t h e  ccnviction t h a t  e lec t rophore t ic  separat ions  i n  low 
g rav i t a t i ona l  f i e l d s  could be more e f f i c i e n t  than a t  e a r t h ' s  
g rav i ty  and impressed with t h e  need t o  proceed r ap id ly ,  we 
focused our a t t en t ion  primarily on adapting the  procedure t o  
t h e  simple, ava i l ab l e ,  r e l a t i v e l y  inexpensive, widely used 
i soglec t  r i c  focusing apparatus.  The d e t a i l s  of t h e  procedure 
t h a t  evolved f o r  obtaining a reproducible separation have 
been summarized and w i l l  be published. A prepublication copy 
is  appended. In t h i s  r epo r t ,  we w i l l  extend t h e  desc r ip t ion  
of t h e  parameters examined f o r  e lectrophoresis  and t h e  methods 
used f o r  character iz ing t h e  subpopulations of cells. Methods 
applied t o  def ine spec i f i c  func t iona l  a c t i v i t i e s  w i l l  be de- 
sc r ibed ,  along with an evaluation of t h e i r  advantages, l imi ta -  
t i o n s  and suggested modifications which seen a p p r g r i a t e  but 
have ye t  not been t r i e d  . 

Procedures f o r  maintenance of viable  c e l l s  t h a t  are e a s i l y  
accomplished i n  t h e  laboratory may not be su i t ab l e  o r  e a s i l y  
car r ied  cut  on a f l i g h t  mission o r  i n  a space laboratory.  
Consideration of how c e l l s  can be maintained w i l l  be discussed 
including po ten t i a l  uses f o r  separated c e l l s  t h a t  a r e  not viable .  



Method f o r  I s o e l e c t r i c  focusing of per ipheral  leukocytes 

Collection and preparation of c e l l s  

Leukocytes were removed from f r e sh ly  drawn r abb i t  o r  human 
blood following sedimentation of erythrocytes  with Dextran 150, 
according t o  t h e  method described by Leise e t  a 1  (6 ) .  When 
lymphocyte populations were des i r ed ,  f i v e  m l  of blood were 
layered over 3ml of Hypaque-Ficoll sq lu t ion  (H-F) prepared 
according t o  t h e  recommendation of Boyum ( 7 ) .  The so lu t ion  
consis ted o t  t e n  p a r t s  of Hypaque (33.9% Na d i a t r i z o a t e )  , 
which i s  supplied a s  a s t e r i l e  aqueous so lu t ion  50% w/v by 
Winthrop Laborator ies ,  New York, N.Y. 10016 and 24 p a r t s  of 
9% W/v F i c o l l  (Pharmacia Fine Chemicals, Piscataway , New Jersey 
08854). The procedure was ca r r i ed  out i n  12 x 103 o r  150mm 
screw - capped s i l i con ized  tubes .  Immediately a f t e r  layer ing 
t h e  blood on t h e  H-F so lu t ion ,  t h e  tubes  were centrifuged a t  
400 x g , 2 4 O ~ ,  f o r  f o r t y  minutes. The lymphocyte l aye r  was 
removed with a Pasteur p i p e t t e .  

Cells obtained from e i t h e r  procedure were added t o  RRII-1640 
t i s s u e  cu l tu r e  medium containing 25mM Hepes buf fe r  obtained 
from Grand Island Biological  Co. Grand I s land ,  New York , 10472. 
The suspended cel1.s were centrifuged a t  400g f o r  10 minutes 
and t h e  supernatants removed. This washing of t h e  c e l l s  was 
repeated two add i t i ona l  t imes.  The c e l l s  were suspended i n  
exac t ly  1 .Om1 of K I W I  ar,d counted. Immediately before addi t ion 
t o  t h e  column, t h e  c e l l  suspension was centrifuged and t h e  
supern?tant removed. The pe l le ted  c e l l s  were suspensed i n  a 
small volume of t h e  midpoint gradient  so lu t fon  and introduced 
i n t o  t h e  previously prepared column. 

Medium f o r  e l e c t r o ~ h o r e t i c  s e ~ a r a t i o n  

Unlike conve:~tional e lec t rophores i s ,  f o r  which an i so ton i c  
buf fe r  of physiologic pH i s  required,  t he  medium f o r  i s o e l e c t r i c  
focusing must ccns i s t  of a non-ionic dens i ty  g rad ien t  so lu t ion  
and an appropria te  Arnpholine o r  mixture of polyaminopolycarboxylic 
ac ids .  S a l t s  must be excluded o r  kept t o  a minimum. Since 
sucrose i s  tho l e a s t  expensive and m ~ s t  widely used substance 
f o r  e s t ab l i sh ing  t h e  dens i ty  gradient  necessary t o  s t a b i l i z e  
t h e  pH g2aJ ien t ,  it was t r i e d  f i r s t .  After  i s o e l e c t r i c  
focusing a separat ion of c e l l s  was accomplished but t h e  c e l l s  
were a l l  i n  very poor condit ion.  The e f f e c t  of a F i c o l l  
dens i ty  gradiont on c e l l s  was much l e s s  de s t ruc t i ve .  C e l l s  
remained viable  but t h e  v i scos i ty  of t h e  denser so lu t ions  a t  
low temperatures was so g rea t  t h a t  sepcrat ion was poor and t h e  
co l lec t ion  slow and d i f f i c u l t  . 



Dextran 4 0 ,  Lot No. 8334 Nut r i t iona l  Riochemical Corp. , (Now 
ICN Corp.) , Cleveland, Ohio 44128, a product used i n  our  laboratory 
f o r  t h e  separat ion of c e l l s  by discontinuous dens i ty  gradient  
cen t r i fuga t ion  , provided t h e  most s a t i s f ac to ry  and e f f e c t i v e  
separat ion.  Since d e ~ t r a n ~ :  a r e  heterodisperse  i n  molecular weight 
and batches vary widely, t h e i r  e f f e c t  on c e l l  v i a b i l i t y  and on 
d i s t r i b u t i o n ,  both f o r  gradient  separat ion and f o r  i s o e l e c t r i c  
focusing,  must be previously es tab l i shed .  

Ampholines a r e  provided a s  40% W/v so lu t ions  by t h e  LKB 
company, Rockville , Md . It i s  possible  t o  ob ta in  mixtures t h a t  
w i l l  provide pH dens i ty  g rad ien ts  a s  broad a s  3-10 and a s  narrow 
a s  2.5-4. Since t h e  product i s  expensive and evry-increasing i n  
price,we f e l t  it was a l s o  necessary t o  e s t a b l i s h  t h e  minimum con- 
cen t r a t i on  a t  which an e f f e c t i v e  separat ion could be accomplished. 
Although it i s  not a f i n a l  and d e f i n i t i v e  app ra i s a l ,  because t h a t  
would necess i ta te  equating t h e  Ampholine requirement with each 
sample s i z e  o r  number of c e l l s  introduced i n t o  t h e  column, 530d 
separat ions  can be obtained with a s  l i t t l e  a s  1 m l  of t h e  40% 
so lu t ion .  Our recommendation f o r  t he  use of 2.0 m l  f o r  t h e  110 
m l  column was made because t h a t  amount would be e f f e c t i v e  f o r  
separat ing a broader range of c e l l  concentra t ions .  

Preparation of column and int roduct ion .----- of grad ien ts  and sample 

Columns were washed thoroughly i n  R.B.S. 25 detergent  (F i sher  
S c i e n t i f i c  Co . ) and thoroughly r insed.  Any detergent  known not 
t o  i n t e r f e r e  with c e l l  v i a b i l i t y  and subsequent c e l l  cu l t u r e  would 
a l s o  serve.  The columns were s i l i con ized  with S i l i c l a d  (Clay 
Adarns). Despite t h i s  e f f o r t  a var iab le  number of c e l l s  was a l -  
ways l o s t  by adhe~ence  t o  t h e  column wal l s .  Other agents ..ere 
t r i e d  but with no g r e a t e r  success.  

S t e r i l i z a t i o n  of t h e  column was ca r r i ed  out by r i n s i n g  thoroughly 
i n  70% e thy l  alcohol and drying i n  an oven a t  560C. I f  an ethylene 
oxide s t e r i l i z e r ,  l i k e  t h e  Cas t l e  Powerclave , i s  ava i lab le  and i s  
functioning properly,  so t h a t  t h e r e  i s  no res idue l e f t  on t h e  g l a s s ,  
it provides a very su i t ab l e  s t e r i l i z a t i o n  procedure. The column 
withstands autoclaving a t  2000F f o r  40 minutes but t h e  p l a s t f c  
t h a t  encloses and p ro t ec t s  t h e  e lec t rodes  becomes discolored.  
Therefore,  carrying out t h i s  method of s t e r i l i z a t i o n  on a d a i l y  
bas i s  i s  not recommended. To prevent contabination during 
e lec t rophores i s  t h e  entrance and e x i t  channels of t h e  column were 
covered with gauze and secured with adhesive t a p e .  

The gradient  may be introduced manually a s  a discontinuous 
g rad i en t ,  but t h e  probabi l i ty  of contamination is enhanced. Adding 
s t e r i l e  so lu t ions  t o  a previously s t e r i l i z e d  mechanical gradient  



device is d e f i n i t e l y  preferable .  I n  e i t h e r  case ,  dense and l i g h t  
gradient  so lu t ions  a r e  requirea .  The dense gradient  so lu t ion  
cons i s t  sd of 28.0 gm Dextran 40 , 2.0 m l  Ampholine (40%) and 70 m l  
d i s t i l l e d  water. For lymphocytes, Ampholine 5-7 was found t o  be 
super ior  t o  Ampholine 4-6 o r  3-10. The l i g h t  gradient  so lu t i on  
consisted of 0.5 m l  of Ampholine and 60 m l  of d i s t i l l e d  water. 
I n  p r ac t i ce ,  a cathode so lu t ion  consis t ing of 0.4 m l  mono- 
ethanolamine and 10 gm Dextran d i l u t ed  t o  a f i n a l  volume of 20 m l  
was introduced manually i n t o  t h e  column f i r s t ,  followed by t h e  
gradient  i t s e l f  which was mechanically introduced. When t h e  
column was ha l f  f i l l e d ,  it was in te r rup ted  and t h e  sedimented c e l l s  
were suspended i n  some of t he  gradient  so lu t ion ,  introduced i n t o  
t h e  column with  a s t e r i l e  syr inge,  and t h e  f i l l i n g  of t h e  column 
with gradient  so lu t ion  continued . The upper e l e c t  rode so lu t ion  
which consisted of 0.1 m l  H3P04 (85%) and 9.9 m l  of d i s t i l l e d  was 
added manually u n t i l  it ju s t  covered t h e  platinum wire a t  t h e  t o p  
of t n e  column. 

To a l l  so lu t i ons ,  Penicillin-Streptomycin Solution (Grand 
Is land Biological  Company) was added and d i s t r i b u t e d  amoncjst t h e  
four  so lu t ions  so t h a t  t h e r e  were 250 u n i t s  of p e n i c i l l i n  aqd 
2 50 ug of streptomycin per  m l  . . 

The temperature was control led by pumping r e f r i ge ra t ed  water 
through t h e  ou t e r  and inner  cooling jackets .  When t h e  column i s  
maintained a t  S°C, t h e  v i s cos i t y  of t h e  dense so lu t ions  increases  
t o  t h e  point where subsequent co l l ec t i on  becomes slow and d i f f i c u l t .  
Rather than change t h e  temperature a t  t h e  end of t h e  run and d i s -  
t o r t  t h e  f r a c t i o n s  dur ing t h e  co l lec t ion  per iod,  we found 7OC t o  
be adequate f o r  t h e  e lec t rophores i s  and c o l l e c t  ion periods.  For 
some c e l l s  t h i s  may not be optimal and o t h e r  temperatures should 
be t r i e d  . 
Voltage and Current 

The voltage was s e t  i n i t i a l l y  so t h a t  t h e  current  r eg i s t e r ed  
4-4.5 mA. Increases i n  vol tage were made a t  frequent i n t e r v a l s  
so  t h a t  t h e  current was maintained a t  t h e  s t a r t i n g  l eve l .  After  
2-3 hours t h e  voltage was set a t  i t s  maximum (1200V). The current  
then f e l l  gradual ly .  I n  24-48 hours,  when t h e  pH gradient i s  es- 
t ab l i shed .  The current  becomes s t a b i l i z e d  around 1-1.5 rnA. No 
f u r t h e r  separat ion occurs a f t e r  t h i s .  The e lec t rophores i s  is  d i s -  
continued and the  column i s  then emptied. 



Collect ion df C e l l  subpopulations following e l ec t rop i~o re s i s  

For t h e  co l l ec t i on  of e l ec t rophore t i ca l l y  separated macro- 
molecules, t h e  f r a c t i o n s  should be about: 0.5 m l  each. F r ~ m  t h e  
appearance of t h e  c e l l  l aye r s  on t h e  column, d i s t ances  of 1 cm o r  
4 m l  seemed more appropria te .  Therefore 4 m l  f r a c t i o n s  were 
col lected a s  rapidly  a s  possible .  Pressure was appl ied a t  t h e  
t o p  opening of t h e  column with a p e r i s t a l t i c  pump. Precautions 
were taken dur ing co l l ec t i on  t o  maintain s t e r i l i t y .  

Character izat ion of c e l l  s u b ~ o ~ u l a t i o n s  followinq 
i s o e l e c t r i c  focusing - 

pH-at which c e l l s  accumulate 

A'i t h e  periphery of t he  column, t h e  pH represen ts  t h a t  of t h e  
e lec t rode  so lu t ions .  Ce l l s  t h a t  come off  i n  t h e  f i r s t  tubes  and 
t h e  l a s t  a r e  r e l a t i v e l y  few i n  number, usual ly  nonviable and could 
probably lvepresent a r t e f a c t s  of co l lec t ion .  By t h e  t h i r d  o r  fou r th  
tube t h e  pH represen ts  t h a t  of t h e  t r u e  Ampholine grad ien t .  Sub- 
sequent tubes  show smooth and regula r  decrements i n  pH, u n t i l  t h e  
anode so lu t ion  i s  reached. When c e l l s  a r e  obtained from very 
a lka l i ne  f r a c t i o n s ,  they appear fragmented and d i s t o r t e d .  Between 
pH 6.8-7.0 t h e r e  i s  a d e f i n i t e  increase  i n  t h e  number of poly- 
morphonuclear leukocytes and eosinophile s , when t h e  ce 11s ap- 
p l ied  cons i s t  of a l l  t h e  per iphera l  leukocytes obtained from a 
Dextran-150 separat ion.  I f  t h e  c e l l s  a r e  obtained from t h e  upper 
l ayer  of a Hypaque-Ficoll separa t ion ,  t h e  c e l l s  s2e predominantly 
lymphocytes and few c e l l s  a r e  obtained i n  a lka l i ne  f r ac t i ons .  

The d i s t r i b u t i o n  of per iphera l  lymphocytes according t o  pH may 
be very s ign i f i can t .  A summary of t h i s  d i s t r i b u t i o n ,  observed i n  
c e l l s  from six r a b b i t s ,  may be seen i n  t a b l e  1 i n  t h e  appended 
publication.  Since lymphocytes vary i n  s i z e ,  age and funct ion,  a 
p r o f i l e  of t h e i r  pH d i s t r i b u t i o n  is  e a s i l y  obtained and might i n  
i t s e l f ,  be very meaningful i n  understanding t h e  immune response 
of d i f f e r e n t  ind iv idua ls .  

Density Gradient 

Ju s t  a s  t h e  dens i ty  gi-adient s t a b i l i z e s  t h e  pH grad ien t ,  it 
is conceivable t h a t  it a l s o  s t a b i l i z e s  t h e  c e l l  separat ion and 
prevents heavier  c e l l s  from f a l l i n g  through t h e  medium. This may 
be of no s ign i f icance  i n  lower grav i ty .  It i s ,  however, very 
c l e a r  t h a t  sucrose i n  high concentrations i s  des t ruc t i ve  t o  c e l l s  
and t h a t  dextrans provide a p ro tec t ive  in f luence ,  Ce l l s  exposed 
t o  appropriate dextrans  a r e  d e f i n i t e l y  more r e s i s t a n t  t o  l y s i s .  



The use of dextran could be responsible f o r  t h e i r  survival .  
Addition of dextrans t o  t h e  medium i n  which conventional e lec t ro-  
phoresis of leukocytes i s  being car r ied  out could serve t o  support 
and protect  t h e  c e l l s .  

The ~ c t u a l  densi ty  o r  spec i f i c  g rav i ty  of each f r a c t i o n  was 
determimd from a standard curve a f t e r  obtaining t h e  r e f r ac t ive  
index on an Abbe refractometer.  

Morphologic cha rac t e r i s t i c s  of separated c e l l s  a s  
determined by l i g h t  microscopy 

Trypan Blue Staining 

When a  drop of sedimented c e l l s  i s  placed i n  a  drop of trypan 
blue s t a i n  (about .04%) made up i n  normal s a l i n e ,  on a  small a rea  
of a  s l ide ,def ined by a paraf f in  r i ng  and covered with a  cover 
s l i p ,  t h e  c e l l s  can be observed up t o  a  ndgnif icat ion of a  thousand. 
I f  t h e  procedure i s  des t ruc t ive  t o  t h e  c e l l s  o r  i f  t h e r e  a r e  more 
dead c e l l s  i n  sorile subpopulations than i n  o the r s ,  t h e  c e l l s  t h a t  
permit entrance of dye i n t o  t h e  c e l l  and take on a  blue s t a i n  is  
obviously increased. Whether t h e  non-staining c e l l s  a r e  t r u l y  
viable remains controverlsial among some inves t iga tors .  In con- 
j u n c t i c ; ~  with o ther  parameters f o r  t h e  assessment of v i a b i l i t y ,  we 
f ind  it a very e f f e c t i v e ,  simple means of d i f f e r e n t i a t i n g  those  
c e l l s  th,3t exclude dye from those t h a t  permit i t s  entrance i n t o  
t h e  c e l l .  

I f  c e l l s  a r e  counted using trypan blue so lu t icn  a s  d i l u e n t ,  
an immediate estimate of t h e  r e l a t i v e  numbers of s ta ined and un- 
s ta ined c e l l s  i n  each f r a c t i o n  can be made. 

Wright S t a in  -- 
A drop of c e l l  suspension wa; spread evenly on a  s l i d e ,  pre- 

viously prepared with a t h i n  f i l m  of Mayers albumin f i x a t i v e .  
The c e l l s  were a i r  d r i ed  and s ta ined  with Camco Quick S ta in  
( S c i e n t i f i c  Products ) , a buffered Wright ' s s t a i n .  

D i s to r t i on  i s  frequent on drying, when c e l l s  a r e  separated 
from blood o r  serum. Drying with an addi t iona l  drop 9f albumin 
so lu t ion  o r  f ibrinogen o r  g e l a t i n  solut ion was t r i e d  but d id  re- 
s u l t  i n  any fu r the r  improvement. The color  and appearance of 
s imi la r ly  s ta ined c e l l s  from d i f f e r e n t  p a r t s  of t h e  column va r i e s  
even with lymphocyte preparations,  Between pH 6 and 7 c e l l s  appear 
bluer  with only an occasional pink s t a in ing  c e l l  i n  t hese  f r ac t ions ,  
I n  t h e  f r a c t i o n s  more acid than p ~ 6 ,  c e l l s  do not s t a i n  a s  in tense ly  



blue. Larger mononuclear c e l l s  predominate. Cells from t h e  
very acid f r ac t ions ,  exposed t o  t h e  anode phosphoric acid  so lu t ion  
appears a s  very l a rge  mononuclear c e l l s  with la rge  amounts of 
l i g h t e r  s ta in ing  , s l i g h t l y  granular  cytoplasm. C e l l  pa r t i cu l a t e s  
from disrupted po l l s  a l s o  seem t o  accumulate i n  t h e  acid region. 
It i s  possible t h a t  ampholyte binding t o  c e l l  surface has  occurred. 

Fluorescent S t a in  - 
Fluorescent s t a i n i n g  of rabbi t  lymphocytes t o  determine t h e  

kind and amount of immunoglobulins on t h e i r  surface was car r ied  
out by e i t h e r  of two methods. A drop of c e l l  suspension was a i r -  
d r ied  a s  previously described and covered with f lucresce in  con- 
jugated goat an t i r abb i t  IgG (Microbiological Associates, Bethesda, 
Md.). The s l i d e s  were maintained a t  ambient temperature i n  a moist 
chamber f o r  2 hours. They were washed repeatedly i n  s a l i n e ,  and 
f i n a l l y  i n  water and allowed t o  dry again. A drop of buffered 
g lycero l  mounting medium was placed on t h e  s l i d e  and spread evenly 
over t h e  surface when a la rge  cover s l i p  was superimposed on t h e  
s l i d e .  Absence of bubbles i s  e s s e n t i a l .  The s l i d e s  were observed 
Immediately using a Bausch & Lomb microscope with a f luorescence 
attachment . 

To insure  removal of non- spec ' f i c  f luorescent  mater ia l  , not b ac t ive ly  bound t o  c e l l s ,  0.5 x 10 suspended c e l l s  were washed re- 
peatedly with Hankst balanced s a l t  solut ion plus 0.5% Dextran 40. 
Two m l  of a 1/10 d i l u t i o n  of t h e  f luoresce in  conjugated goat a n t i -  
rabbi t  IgG solut ion were! added t o  t h e  washed sedimented c e l l s .  The 
suspension was ag i ta ted  gent ly  f o r  two hours a t  ambient temperature. 
Centrifugation followed by removal of t h e  supernatant was repeated 
u n t i l  a drop of d r i ed  supernatant,  showed no fluorescencc The 
c e l l s  were placed on prepared s l i d e s ,  a s  previously descr ibed,  
d r i e d ,  covered with g lycero l  so lu t ion  and examined. These prepara- 
t ions were superior.  

Ce l l s  from t h e  lower par t  of t h e  column appeared t o  have a 
l a rge r  number of c e l l s  with uniformly d i s t r i bu ted  immunaglobulin. 
The g rea t e s t  l oca l i za t ion  occurred around pH 6.0, followed by 
some f r a c t i o n s  with no f luorescent  s ta ined cells and then  again 
some uniformly s ta ined c e l l s  i n  t h e  pH 5.0 f r ac t ion .  No immuno- 
globul in  kLnding t o  c e l l  surfaces  was observed i n  c e l l s  from 
fra,%ions more acid than  pH 5.0, A judgment about labe l ing  these  
ltB" c e l l s  must wait f o r  more d e f i n i t i v e  s tudies .  

Tliere were many lymphocytes t h a t  exhibited polarized o r  "capped" 
f luorescent  s t a in ing  i n  t h e  c e l l s  examined, but unif o m  s t a in ing  
predominated . 



BioloGc & Biochemical Characterizat  i cn  
of S e ~ a r a t e d  Cel l s  

Growth on cu l tu r e  

Growth on cu l tu r e  could conceivably be considered t h e  ul t imate  
parameter f o r  assess ing c e l l  v i a b i l i t y .  Unfortunately, t h e  poly- 
morphonuclear leukocyte i s  an end c e l l  and w i l l  na t  undergo f u r t h e r  
d iv i s ions .  Some lymphocytes w i l l  r e p l i c a t e  and some w i l l  no t .  This 
attempt a t  c e l l  cu l tu re  i s  there fore  more e f f e c t i v e  i n  l oca l l z ing  
those  c e l l s  capable of r ep l i ca t i on .  Fai lure  t o  r e p l i c a t e  does not 
imply c e l l  death.  Some c e l l s  have remained viable  on cu l tu r e  f o r  
t h e  72 hour period over which we have examined them, without in- 
creasing i n  number. Ce l l s  from some f r a c t i o n s  c lose  t o  pH 4.6, 
exh ib i t  good r ep l i ca t i on  on cu l tu r e  i n  RFNI-1640. Ce l l s  from alka- 
l i n e  f r a c t i o n s  a r e  e i t h e r  not viable  o r  d i e  off  dur ing t h i s  period.  
This  procedure was described and t h e  r e s u l t s  shown graphica l ly  i n  
t h e  appended publ icat ion.  (See Figure 7)  

Oxygen uptake 

Using a YSI 02 e lec t rode  connected t o  a recorder ,  it was poss ib le ,  
when t h e  c e l l  population o r  subpopulation was la rge  enough ( 1  x 
l o 7  c e l l s ) ,  t o  measure 02 u t i l i z a t i o n ,  a t  370C, of c e l l s  suspended 
i n  a standard incubation medium. ( 8 ) .  Differences i n  02 uptake 
were observed i n  lymphocytes obtained from d i f f e r e n t  f r a c t i o n s  f o l -  
lowing i s o e l e c t r i c  focusing,  Mixed periphei .I lymphocytes, ob- 
t a ined  from a Hypaque-Ficoll separat ion,  were compared with c e l l s  
from spleen,  thymus and lung teased from a r abb i t  which was 
s ac r i f i ced .  Some c e l l s  showed g r e a t e r  02 u t i l i z a t i o n  a f t e r  i so-  
e l e c t r i c  focusing than exhibi ted by t h e  mixed population obtained 
from t h e  Hypaque-Ficoll gradient  p r i o r  t o  e lect rophoreses  . 

C e l l  Suspensions Oxygen ~ 1 / 1 0 6  c e l l s / h r  . 
Peripheral  (H-F)I;ymphocytes 0.07 u 1  
Splenic Lymphocytes 0.78 
Thymic Lymphocytes 0.44 
Lung macrophages 3.60 

After  i s o e l e c t r i c  focusing 

" pH 6- 11 lymphocytes 1.30 
pH 4.5-5.5 0.50 
pH 1.6-4.5 1.30 

*Pool of t h e  c e l l s  from these  f r a c t i o n s  

This supports t h e  v i a b i l i t y  observations made with t rypan 
blue exclusion.  



Incorporation of labeled precursors - 
1 4 ~ -  leucine 

Uptake of an amino acid could r e s u l t  from binding o r  incor- 
poration i n t o  newly synthesized protein  and is  another method f o r  
assessing c e l l u l a r  a c t i v i t y .   em not r e p l i c a t e ,  but if 
they survive on cu l tu re ,  c e l l  substance and enzyme replacement 
must occur and w i l l  be re f lec ted  i t -  ) 4~ - l euc ine  incorporation 
i n t o  c e l l  proteins  Ce l l s ,  0.5 x i u o ,  were suspended i n  RPMI-1640 
containing 1 uCi &-leucine f o r  4 ,  24 o r  40 hours. The c e l l s  
were pel le ted by cent r i fuga t ion ,  washed th ree  times with Hanks' 
balanced s a l t  solut ion plus  0 .S% Dextran 40. The suspensions 
were centrifuged again and 2 m l  of 5% t r i c h l o r o a c e t i c  acid  were 
added t o  p rec ip i t a t e  t h e  proteins .  Prec ip i ta tas  were washed 
twice with cold t r i c h l o r o a c e t i c  ac id ,  twice with methanol, a i r  
d r i e d ,  dissolved i n  0.1 N NaOH, t ransfer red  t o  counting v i a l s  
containing Beckman's Ready-Solv #6 s c i n t i l l a t i o n  f l u i d  and 
counted i n  a Beckman Liquid Scinti!.lation Counter. Controls con- 
s i s t e d  of subject ing a l i quo t s  of t h e  same numbers of c e l l s  a t  
5 6 ' ~  f o r  30 minutes t o  t he  same procedure. 

When 0.5 x 106 c e l l s  were not ava i l ab l e ,  from each f r ac t ion ,  
following focusing, t o  be cons is ten t ,  t h e  sampie s i ze  was re- 
duced, so t h a t  incorporation by the  same number of c e l l s  could 
be compared. 

Lymphocytes obtained d i r e c t l y  from a densi ty  gradient separa- 
t i o n  show ac t ive  incorporation i n  four  hours with iqcreasea of 
23-87 times t h a t  l e v e l  of incorporation i n  24 houzs. 

Following i soe l ec t  r i c  focusing , uptake of 14c-leucine i n  
four ?ours i s  d e f i n i t e l y  lower and does not r i s e  a t  t h e  same 
r a t e  i n  24 hours a s  unfocused c e l l s .  

Attempts made t o  s t imulate  or r e v i t a l i z e  focused c e l l s ,  t o  
bring them back t o  a comparable l e v e l  of a c t i v i t y ,  included addi- 
t i o n s  of adenine t r iphosphate  t o  the  meditrn, cyc l i c  adenine 
mononucleotide , i n s u l i n ,  glucagon , e s t r a d i o l  and progesterone. 
No remarkable changes were noted. Since so many ctf these  responses 
a r e  concentration dependent, rrruch more work i n  t h i s  area  i s  re-  
quired. The most successful  e f f o r t  consisted of washing the c e l l s  
repeatedly i n  a basa l  i so ton ic  s a l t  medium. The stacdard jncuba- 
t i o n  medium used f o r  02 uptake s tud ie s  proved t o  be most e f f ec t ive .  
The cells were suspended and washed before t h e  addi t ion  of medim, 
containing luCi 14c- leucine per  m l  . Despite some improvement, 
t o  obtain  counts of any reasonable l e v e l ,  24-48 hours of fncubatLon 
was necessary. 



I n  one experiment, subsequently para l le led  by o the r s ,  c e l l s  
from pH 5.8 showed b e t t e r  incorporation of la beled leucine than  
those accumulations immediately surrounding them. Good a c t i v i t y  
was demonst ra ted by c e l l s  from pH 5.3 (247 D P M / ~ o ~ )  , maximum 
incorporation was demonstrated by c e l l s  from pH 5.2 (3297 D P M / ~ o ~ ) .  
Gradually decreasing incorporation was demonstrated by c e l l s  from 
t h e  -1pper more acid  f r a c t i o n s  f r a m  t h e  c o l m . .  

Many f a c t o r s  could account f o r  t h e  lower a c t i v i t y  of c e l l s  
following i soe l ec t  ric focusing . CP,anges i n  a c t i v i t y  of separated 
c e l l s  could r e s u l t  from t h e  l o s s  of impact of one cell  on o the r  
c e l l s .  It might c '.so r e s u l t  from l o s s  of t h e  ef rects of products 
from o the r  c e l l s ,  t h e  e f f e c t s  of t h e  long period of exposure t o  
cold ( ~ O C )  , t h e  e f f e c t s  of t h e  e lec t rophore t ic  procedure pe r  se 
o r  t h e  e f f e c t s  of t h e  low i o n i c  s t rength  medium. This could be 
a most productive a r e s  of research i n  d i s t inguish ing  t h e  biochemic~l 
a c t i v i t y  and po t en t i a l  of separated subpopulations of c e l l s .  

Protein -- and enzyme -- --- -- concentrations . . - . . .  of - separated - - - -  subpopulations . - . . -.- 

The determination of p ro te in  and enzyme concentrations of t h e  
populations of c e l l s  co l lec ted  a f t e r  an e lec t rophores i s  can serve 
many functions.  Pr imari ly ,  it may serve t o  charac te r ize  t h e  c e l l s  
o r  he lp  d i f f e r e n t i a t e  me type from another.  Since very small 
amounts of mater ia l  a r e  required f o r  most e n n p e  analyses ,  t h e r e  i s  
no problem i n  obtaining s u f f i c i e n t  numbers of c e l l s .  The methods 
are simple and reproducible. Since t h e  samples requi re  l y s i s  p r i o r  
t o  ana lys i s ,  t h e  problem of maintaining c e l l s  i n  v iab le  condi t ion 
u n t i l  t h e  terminat ion of a mission i s  removed. 

The es tabl ished procedure i n  our  laboratory i s  t o  c o l l e c t  cells 
separated by e i t h e r  t h e  dens i t y  gradient  proc2dure o r  i s o e l e c t r i c  
focusing procedure previously described and add t h e  washed, counted 
c e l l s  d i r e c t l y  t o  glycerine-non-idet so lu t ion  (0.5% non-idet P-40 
(She l l )  dissolved i n  50% glycer ine) .  Ce l l s  lysed i n  t h i s  manner 
can be kept i n  t h e  f r eeze r  a t  -20°C. f o r  up t o  two years  with no 
l o s s  i n  some enzymes and inappreciable l o s s  i n  o thers .  

We examined pro te in  and l a c t a t e  dehydrogenase (LDH) concen- 
t r a t i o n s  of lymphocytes, separated by i s o e l e c t r i c  focusing,  and 
compared these  ccncentrations with t h a t  of lymphocytes not sub- 
jected t o  e lectrophoresis  and with lymphocytes separated by 
dens i ty  gradient  cen t r i fuga t ion .  

We do not have s u f f i c i e n t  d a t a  t o  make any conclusive s t a t e -  
ments, o the r  than  that t h e  assays a r e  valuable i n  d i f f e r e n t i a t i n g  
t h e  a c t i v i t y  of c e l l s  from t h e  various f r a c t i o n s  obtained following 
i s o e l e c t r i c  focusing. We can p ~ i n t  o u t ,  however, from t h e  few 



experiments car r ied  out t h a t  t he re  is  a  reduction i n  LDH and 
protein  concentrations i n  c e l l s  following t h e  i s o e l e c t r i c  focusing 
procedure. The c e l l s  with t h e  lowest l eve l s  c o r r e l a t e  w e l l  with 
our appra i sa l  of t h e i r  nonviabi l i ty  a s  determined from t h e i r  
morphological appearance. Frayed, vacuolated pale  s t a in ing  c e l l s  
have low protein  and LDH l e v e l s  i r r e spec t ive  of t h e  pH a t  which 
they have accumulated. The l eve l s  of c e l l  p ro te in  and enzymes 
a r e  known t o  vary i n  d i f f e r e n t  individuals .  Therefore, a t  t h i s  
time, comparison must be restricted t o  t h e  c e l l s  from each in-  
d iv idua l  separat ion procedure. 

The following information has been taken from two d i f f e r e n t  
separations.  The f r a c t i o n s  compared appeared t o  be morphologically 
i n t a c t ,  The LDH and pro te in  concentrations and spec i f i c  a c t i v i t i e s  
a r e  tabulated.  Many more f r a c t i o n s  have been analyzed i n  these  
and o ther  experiments, but not enough t o  summarize i n  any d e f i n i t i v e  
manner. 

Specif ic  
pH of f r a c t i o n  1 ~ H / p / 1 0 ~  R o t e i n  pg/106 a c t i v i t y  

Experiment 1 5.9 72 23 

Because of t h e  f r a g i l i t y  of c e l l s  and possible leakage of cel l  
pro te ins  i n t o  t h e  medium, t h e  supernat ant  port ion of each f r a c t i o n  
from t h e  column, oOtained a f t e r  t h e  sedimentation of t h e  c e l l s ,  
was analyzed f o r  protein  and LDH. A l l  were negative f o r  protein .  
The more sens i t i ve  LDH determination indicated only two f r ac t ions  , 
one pH 6.5 and one pH 5.78 t h a t  had any measurable LDH concentrations.  



The former was 24 u n i t s  i n  t h e  t o t a l  supernatant and t h e  l a t t e r  
16 u n i t s .  This i s  a neg l ig ib le  amount. The s l i g h t l y  lower LDH 
values,  observed i n  c e l l s  following e lec t rophores i s ,  could a r i s e  
a s  a r e s u l t  of t h e i r  decreased a c t i v i t y  - possibly due t o  low 
temperature exposure. 

Inrnnunoloaic c h a r a c t e r i s t i c s  of " 
separated subpopulat i ~ n s  of lymphocytes 

To understand t h e  func t iona l  d i v e r s i t y  of a morphologically 
s imi l a r  population of c e l l s  requi res  quan t i t a t i ve ,  ob jec t ive  
methodology. To s t imulate  some c e l l s  and increase  t h e  n w b e r  of 
spec i f i ca l l y  committed c e l l s  r a b b i t s  were hyperimmunized with  
t h r e e  types  of ant igens .  Some were in jec ted  with suspensions of 
sheep erythrocytes  (SRBC). This ant igen was once believed t o  
s t imulate  a B c e l l  response exclusively  and is now believed t o  
s t imula te  both B 4 T c e l l s .  Pur i f ied  pro te in  de r iva t i ve  of 
M cobacteriurn tubercu los i s  (PPD) was administered t o  o the r  r a b b i t s  
t o  s t m u  a t e  a T c e l l  response. A t h i r d  group received in j ec t i ons  --r- 
of human serum albumin (HSA) because it offered t h e  opportunity 
t o  ~Cudy lymphocyte surface binding capacity before and a f t e r  
immuni zat ion.  

1. Hyperimmunizat ion with S,RBC. 

A t  t h e  time of peak antibody production, t he re  hYds an i.n- 
crease i n  t h e  number of c e l l s  t h a t  accumulated i n  t h e  more 
acid  pa r t  of t h e  i s o e l e c t r i c  focusing column. 

When t h e  separated c e l l  subpopulations were examined f o r  
c e l l s  possessing antibody, capable of lys ing  sheep erythrocytes  
i n  t h e  presence of complement, us ing t h e  Jerne plaque techniq.de, 
quant i t a t ion  was d i f f i c u l t  . Cel l s  with l y t i c  capaci ty  were 
observed i n  f r a c t i o n s  from pH 5.8 and pH 5.5. No judgment 
could be made about t h e  ex ten t  of t h e  increase  i n  t h e  number 
of committed c e l l s  i n  hyperimmunized animals. 

We obtained a quant i t  t i v e  evaluat ion using t h e  following i? method. Ce l l s  ( . 25  x 10 ) from each f r a c t i o n  were washed and 
suspended i n  veronal buffered s a l i n e  with calcium and magnesium 
(Complement d i l u e n t )  so t h a t  t h e  f i n a l  volume was 1.05 m l .  
Before t h e  f i n a l  volwne was ad jus ted ,  0.3 m l  of SRBC suspension 
(O.D. 540 run was adjusted t o  0 .I94 when hemolysis was complete) 



was added, and 0 .1  m l  guinea pig complement d i l u t e d  1/20. This 
suspension was incubated a t  370C f o r  30 minutes, followed by 
cent r i fuga t ion  a t  1400 rpm f o r  10 minutes. The c l e a r  super- 
nates  were removed and t h e  degree of hemolysis of each one was 
quan t i t a t i ve ly  determined from t h e  o p t i c a l  dens i ty .  Cells from 
normal r a b b i t s  showed some s l i g h t  l y t i c  capacity.  This w d s  
more prominent a t  pH 5.5, and absent from cells obtained from 
o the r  f r ac t ions .  From the  hyperimmunized r abb i t s  , t he  concen- 
t r a t i o n  of lymphocytes capable of lys ing  sheep erythrocytes  was 
g rea t e s t  i n  t h e  populations a t  pH 6.7 ( t h i s  increased on cu l tu re ) ,  
very high i n  c e l l s  from pH 5.5-5.7, and negative i n  c e l l s  from 
f r a c t i o n s  mom acid than pH 4.5, 

2. Immunization with Pm). 

Forty e igh t  hours a f t e r  an intradermal i n j ec t ion  of S t . u .  
PPD, lymphocytes were removed from a r abb i t  t h a t  had been ex- 
amined repeatedly during a Reimmunization cont ro l  period. 
The d i s t r i b u t i o n  p r o f i l e  shov~:.d an increased accumulation of 
cells a t  pH 5.2. 

% of t o t a l  c e l l s  t h a t  accumulate a t  pH 5.2 
following i soe l ecLr i c  focusing 

Preimmunization 2.1% of t o t a l  

48 h r s  a f t e r  1st in j ec t ion  8.5% of t o t a l  

48 h r s  a f t e r  2nd in j ec t ion  11.3% of t o t a l  

This was t h e  peak accumulation f o r  t h i s  population 
of c e l l s .  

No s ign i f i can t  changes occurred i n  o the r  f r ac t ions .  

The hypothesis t h a t  these c e l l s  should be more responsive 
t o  s t imulat ion by a mitogen and by PPD was c i i f f icu l t  t o  support. 
The incorporation of t r i t i a t e d  thym'dine i n t o  cul tured lym- b phocytes requi res  a t  l e a s t  0.5 x .10 c e l l s .  [Je made t h e  de- 
c i s ion  t o  pool f r ac t ions  so t h a t  r ep l i ca t e  determinations 
could be car r ied  out .  

Using our standardized procedure, of 72 h r s  of c u l t u r e ,  
followed by 1 G  h r s  of exposure t o  1 uCi of 3~-thymidine,  i n  a 



t o t a l  volume of 2.0 m l  of 2PE4I-1640, with 5% f e t a l  ca l f  serum, 
we could demonstrate no s p e c i f i c  increases  i n  incorporation by 
c e l l s  cul tured with PPD . Modifications i n  treatment of c e l l s  
t o  o f f s e t  t h e  e f f e c t s  of ccld exposure must be undertaken. 
Optimal concentrations of PPD must a l s o  be determined. The 
2f f e c t  s of m i t  ogens l i k e  phytohemagglutinin , pokeweed and 
concanavalin A must a l s o  be explored f u r t h e r  i n  e f f o r t s  t o  
evaluate  t h e  responses of separated c e l l s .  

3 .  Immunization with human serum albumin (HSA) 

HSA was se lec ted  a s  another appropria te  ant igen because 
ant ibodies  on lymphocyte surf  aces  might be de tec tab le  simply 
and quan t i t a t i ve ly  by measwing d i f f e r ences  i n  capaci ty  t o  
bind t o  1 2 5 ~ - ~ ~ ~ .  This  i s  a r e l a t i v e l y  inexpensive product 
which i s  commercially ava i l ab l e  (E.R. Sqiibb,  New Brunswick, 
N.J.). 

A l l  r abb i t  c e l l s  bound 1 2 5 ~ - ~ ~ ~  firmly t o  some degree ir- 
respect ive  of t h e  previous treatment of t h e  r a b b i t .  I n  v i t r o  
addit ion  of phytohemagg l u t  i n  t o  suspended c e l l s  , m o d i ' f i e r  
t h e i r  1 2 5 1 - ~ s ~  binding capac i ty ,  except f o r  c e l l s  from t h e  
pH 5.6 f r a c t i o n .  Ce l l s  from t h i s  f r a c t i o n ,  obtained from 
previously HSA hyperimmunized r a b b i t s ,  exhibited a higher  i n  
v i t r o  b i rd ing  capacity t h sn  any o the r  c e l l  population and were 
unaffected by PHA. These c e l l s  were 420% higher i n  binding 
capacity than PHA t r e a t e d  c e l l s  of a comparable f r a c t i o n  from 
a noq-immunized con t ro l  r abb i t .  This d i f f e r ence  suggests a 
l r  a l i z a t i o n  of spec i f i ca l l y  committed c e l l s  a t  pH 5.6. 



Conclusion 

A reproducible separation of per ipheral  leukocytes and lym- 
phocytes by e lectrophoresis  using su i t ab l e  modifications of t h e  
i s o e l e c t r i c  focusing method has been accomplished. Progress has  
been mbde i n  assess ing func t iona l  c h a r a c t e r i s t i c s  of t h e  separated 
c e l l s .  Much more research i s  required t o  i den t i fy  t h e  s p e c i f i c  
commitments of separated subpopulat ions  and develop methodology 
su i tab ly  modified f o r  quan t i t a t i ve ly  evaluat ing t he se  various 
immunologic a c t i v i t i e s .  

The importance of both t h e  separat ion procedure and iden t i f i ca -  
t i o n  of t h e  s p e c i f i c  r o l e s  of t h e  separated subpopulations cannot 
be overemphasized. Simple i d e n t i f i c a t i o n  a s  a B o r  a T c e l l  by a 
morphological technique i s  inadequate and an overs impli f icat ion.  
Understanding t h e  many and varied r o l e s  of t h e  c e l l s  involved i n  
t h e  immune response, a s  wel l  a s  o the r  types  of c e l l s ,  eventual ly  
can provide.-specific clones capable of synthesizing s p e c i f i c  en- 
zymes, mediators,  hormones, ant ibodies  and o the r  import i n t  and 
sought a f t e r  c e l l  f a c t o r s .  

With current th ink ing  on t h e  value of replacement of lympho- 
cy tes  i n  immunodeficiency d i s ea se s  (9 )  and t h e  involvement of t h e  
immune system i n  malignant d i seases  (10 ) , autoimmune d i sea se s ,  
aging and a l l e rgy  a s  wel l  a s  i n f ec t i ous  d i s ea se s ,  it would seem 
t h a t  separat ion of lymphocytes continues t o  be a valuable a rea  
f o r  f u r t h e r  research.  

On a f l i g h t  mission, t h e  maintenance of c e l l s  i.n viable  con- 
d i t i o n  could pose a problem. Since f reez ing  i s  I ,11al t o  most 
c e l l s ,  un less  t h e  r a t e  of temperature dec l ine  i s  cont ro l led .  
Usually, t h i s  i s  1-30C/Min, down t o - l 9 6 O ~ ,  with subsequent s torage 
i n  l i qu id  nitrogen (11) .  It would seem t h a t  s ince  dextran appeared 
t o  inf luence t h e  s t a b i l i z a t i o n  of t h e  c e l l  surface i n  our  separa- 
t i o n  procedure , i t s  incorporat ion i n t o  t h e  e lec t rophore t ic  medium 
and cu l tu r e  medium would be a de s i r ab l e  addi t ion.  

A s  a per ipheral  benef i t  of t h i s  research,  it must be pointed 
out t h a t  e lec t rophores i s  appears t o  provide a simple method f o r  
obtaining an immunoprof i l e  , o r  a procedure f o r  obtaining a quant i- 
t a t i v e  d i s t r i b u t i o n  of t he  c e l l s  involved i n  t h e  immune response. 
This should f i nd  usefu l  c l i n i c a l  app l ica t ion .  

F ina l ly ,  we enjoyed working on t h i s  project  and wish t o  thank 
many in t e r e s t ed  NASA s c i e n t i s t s  f o r  t h e i r  cooperation,  advice and 
encouragement. 
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